Interaction between the Notch receptor and Delta-Serrate-Lag2 (DSL) ligands is generally deemed to be the starting point of the Notch signaling cascade, after which, Notch is cleaved and the intracellular domain acts as a transcriptional co-activator. By contrast, Notch protein can become activated independent of ligand stimulus through recently identified endosomal trafficking routes as well as through aberrant regulation of Notch components during Notch trafficking, ubiquitination, and degradation. In this review, we summarize genes implicated in ligandindependent Notch activity and remark on the mechanisms by which this process could occur.
When Notch is not required to signal in a cell, the receptor must be tightly regulated in order to make certain no aberrant signal is produced. Furthermore, there is a constant turnover of Notch in the cell, as pulse-chase experiments show the disappearance of labeled Notch within hours [e.g. 9] . Notch is translated, processed into its heterodimer form, and transported to the membrane, where it awaits ligand presentation from a neighboring cell. If ligand is not presented, Notch will be marked for degradation. This occurs by the addition of a monoubiquitin signal to the Notch intracellular domain by the E3 ubiquitin ligase, Deltex (Dx), spurring its internalization [10] . Another E3 ubiquitin ligase, Kurtz (Krz) has been shown to complex with Dx and Notch, promoting polyubiquitination of the receptor [11, 12] . The Endosomal Complex Required for Transport (ESCRT) is able to recognize polyubiqutinated proteins, and has been implicated in the regulation of many membrane bound receptors [13, 14] . There are four distinct ESCRT complexes, which work sequentially to sort Notch into intraluminal vesicles (ILVs) of the multivesicular body (MVB). Eventually, the cargo in the lumen of the MVB is transferred to the lumen of the lysosome for degradation. If malfunctions in this process leave Notch ensnared on the outer endosome membrane, then NICD can be accidentally removed from NECD, mimicking ligand-dependent Notch activation. This model is primarily supported by genetic loss-and gain-of-function studies in Drosophila, although some genes have been characterised in zebrafish as well. Among the genes identified are E3 ligases, endosomal sorting proteins, metalloproteases, basal body proteins (in zebrafish) [15] , small GTPases [16, 17] , hif1-alpha, and Notch's own ligands ( Table 1 ). Note that some of these genes are also involved in ligand-dependent Notch signaling. Most of these factors have been implicated in endosomal regulation [18] [19] [20] [21] [22] and appear to act in the same overarching process. For example, the ESCRT-III component, Shrub, serves as a link between the ligand-independent Notch activation observed in ESCRT complex mutants and that witnessed in both lethal giant discs (lgd) mutants and dx-expressing cells [7, 11, 17] .
While the endogenous regulation of Notch requires more investigation, a clearer picture is emerging of the mechanism of ligand-independent activation that occurs in mutant tissue. In this review, we address the role and mechanisms of endogenous ligand-independent Notch activation in development. We focus on studies in Drosophila as the fruit fly has the least number of Notch ligands of any model organism and therefore serves as an ideal model for studying ligand-independent Notch activity.
with the ankyrin repeats of the Notch intracellular domain, facilitating its monoubiquitination, and helping it evade destruction through the trafficking pathway [23] [24] [25] [26] [27] [28] . Overexpression of dx causes activation of Notch downstream genes and reporters in the Drosophila wing imaginal disc, as well as loss of Notch from the adherens junction, indicating that Dx actively promotes Notch internalization leading to its activation [27, 28] . Localization of Notch to the late endosomal limiting membrane is required for Dxdependent Notch activation, as blocking Rab5, Rab7, HOPS complex, or AP-3 complex components attenuates Notch signaling in dx-expressing cells [27, 28] (Figure 1 ). This requirement for the localization of Notch on the late endosomal limiting membrane is also observed in Notch activation occurring in lgd mutants (Table 1, Figure 1) , and localization to the limiting membrane is directed by a conserved dileucine motif in mammals [29] . In addition, the E3 ubiquitin protein ligase family of Nedd4 proteins, dNedd4 and Su(dx), antagonize Notch signaling through ubiquitination [30] [31] [32] [33] [34] .
A recent study revealed that Dx and Su(dx) can induce the internalization of Notch into two different endosomal compartments to promote ligand-independent Notch activity [35] . Su(dx) promotes Notch endocytosis through a glycophosphatidylinositol (GPI)-positive, sterol-dependent endosomal route, whereas Dx promotes Notch internalization through a GPI-negative, sterol-independent route [35] (Figure 1 ). Su(dx) has traditionally been considered a negative regulator of Notch signaling, but at low temperatures, Su(dx) can promote Notch signaling [35] . Indeed, the HECT domain acts in a temperature-dependent manner, and Su(dx)-induced Notch internalization is independent of the HECT domain. Therefore, at low temperatures, both routes (i.e. Dx-or Su(dx)-dependent) lead to Notch activation in different endosomal compartments. However, at moderate temperatures, Su(dx) acts as a negative regulator of Notch signaling by inducing Notch degradation via the HECT domain, and therefore Dx and Su(dx) are in competition for Notch to enter their respective endosomal route. This competition results in canalization of Notch signaling against temperature fluctuations, because Notch is internalized at an increased rate at higher temperatures. Furthermore, this competition may serve to either increase or decrease ligandindependent Notch signaling depending on temperature, which could account for the temperature sensitivity inherent in genetic interactions between Notch and its ligands [35] . Consistently, the embryonic defects observed in HOPS, AP-3, and dx null embryos are temperature-sensitive, and their phenotypes worsen at higher temperatures [28] .
Ligand-independent Notch activity may also be buffered against by DSL ligands (Figure 1 ). DSL ligand-expressing cells adjacent to Notch-expressing cells (trans-ligand) activate Notch signaling, while DSL ligands present in the same cell as the Notch receptor (cis-ligand) repress ligand-dependent Notch signaling, which is referred to as cis-inhibition [reviewed in 36] . cis-ligands also endogenously repress the accidental activation of ligand-independent Notch [37] . Upon removal of both cis-and trans-ligands, Notch is activated cellautonomously in both the ovarian follicle cells and the imaginal discs in Drosophila [37] . Furthermore, Notch expressed alone in S2 cells results in ligand-independent Notch activity [35, 37] , but co-expression of a form of Ser that only has cis-inhibitory potential [38] almost completely blocks this activation, indicating that cis-ligands can act as an efficient buffer against ligand-independent Notch activity. Also, increased cis-ligand expression can be used to decrease the ligand-independent signaling found in various mutant tissues including lgd, shrub, and dx, as well as that endogenously occurring in crystal cells [37] . The mechanism by which DSL ligands offer protection against ligand-independent Notch activation has yet to be explored, although they possibly exert their function through the stabilization of the Notch heterodimer, increased receptor degradation, or through binding competition for activating factors such as Dx or Su(dx). How the buffering activity of E3 ligases and cisligands may interact is also unknown, and the predicted signaling output (NICD production) could vary with the degree of dominance or synergism between the two systems. Another important point is that these two buffering systems are buffering against different phenomena -whereby the E3 ligases hypothetically ensure that a sufficient amount of Notch is activated in times of directed trans-activation, while the cis-ligand system ensures that Notch remains inactive during periods without trans-activation. Modeling suggests that maintaining translated Notch can keep the pathway in a state of readiness [39] , and it is plausible that the cis-ligand buffering system aids in strict temporal regulation of Notchdependent developmental events.
The aptitude for ligand-independent activation of Notch in endosomes can also be exploited by developing cells. The first case of ligand independent Notch activation occurring endogenously during development was described in Drosophila crystal cells, which are of the hematopoetic lineage and involved in the immune response [22, 40] . In crystal cells, the Notch pathway is coopted to promote cell survival, and silencing Notch with RNAi in crystal cells leads to cell bursting and a decrease in crystal cell number [22] . Furthermore, reduction of Drosophila Hif1-alpha homologue, similar (sima), from crystal cells causes an increase in cell bursting and a decrease in Notch reporter activity, indicating Sima promotes Notch activation [22] . This Notch activation is endosomal in nature because live trafficking assays show Notch is stabilized in Hepatocyte Growth Factor-Regulated Tyrosine Kinase Substrate (Hrs)-positive endosomes specifically in the crystal cells, and overexpression of Rab5 decreased the ability of Notch to signal [22] . Inhibition of Dl or Ser by RNAi after crystal cell fate determination has no effect on cell survival. Similarly the ubiquitin ligases Mindbomb and Neuralized, which are required for ligand-dependent signaling, have no role in mature crystal cell survival [22] . Together, these data indicate that crystal cells undergo ligand-independent Notch activation by Sima-dependent endosomal stabilization. Overexpression of cis-ligand was found to lessen this ligand-independent activation [37] ; however, it remains to be investigated if this is utilized as a developmental or immunological strategy. A tempting explanation for the usefulness of a ligand-independent activation mechanism in crystal cells is that as circulating blood cells, there is no guaranteed ligand source, so the ability to regulate the Notch signaling pathway cell-autonomously would be advantageous.
Together, these studies indicate that E3 ligases, temperature, specific trafficking compartments, the presence of DSL ligand, and endosomal half-life all have an effect on buffering for or against endogenous ligand-independent Notch activity.
An emerging picture of ligand independent Notch activation Notch localization on endosomes
Although ligand-independent activity occurs endogenously, most of our knowledge about its regulation and mechanism comes from studying the behavior of Notch in mutant tissue. This insight is especially important in understanding how misregulation of Notch trafficking could relate to human disease, but also provides hints as to how Notch ligand-independent regulation occurs naturally. As mechanisms have been described for the lgd, dx, Su(dx)/ dNedd4, ESCRT, and sima mutant tissues, we focus on these (see Figure 1 for illustrative summary). Interestingly, each case may not have the same trafficking requirements, as the only shared similarity is prolonged endosomal half-life, whether it be through increased stability in endosomes, as promoted by Sima and Dx (and Su(dx) at lower temperatures), or degradation malfunctions, such as in mutants for lgd, Su(dx)/dNedd4, or ESCRT components. The endosomal compartments wherein Notch becomes activated may also differ between mutant tissues, and could imply different mechanisms.
It is apparent that in the case of lgd mutant tissue and dx over-expressing tissue, Notch must be transported to the lysosomal limiting membrane in order for activation to occur, and in these cells Notch can be found colocalized with late endosomal and lysosomal markers [27, 28, 35, [41] [42] [43] . However, in crystal cells or ESCRT mutant cells, Notch seems to accumulate in an earlier stage of the trafficking pathway, and mainly colocalizes with Hrs [22, 44] . Furthermore, in the Su(dx)-mediated, sterol-dependent endosomal route to activation (or inactivation, depending on temperature), Notch is trafficked through GPIpositive endosomes to an unknown endosomal compartment [35] . We propose two explanations that are not entirely mutually exclusive, for the activation of Notch in different endosomal compartments. First, the three known locations of Notch activation have different mechanisms or factors that promote NICD formation. In lgd and dx tissues, a lysosomespecific environmental factor produces the membrane tethered Notch fragment. In ESCRT mutant tissue, Notch does not reach the lysosome, but becomes trapped in high quantities in large irregular endosomes [44] [45] [46] [47] [48] [49] . Therefore, it could be imagined that a high quantity of closely contained membrane proteins might alter intra-protein kinetics resulting in autoactivation. As unbound Notch also has a steady-state level of endogenous ligandindependent activation [37] , more time and receptors could simply mean a higher probability of reaching the threshold of NICD production required for downstream transcriptional activation. The second possibility is that in ESCRT mutant cells, the endosomal compartment in which it is trapped becomes lysosome-like. In ESCRT mutants, the enlarged endosomes that trap Notch do not fuse with lysosomes [50] , whereas the factors leading to endosomal acidification may still be present. If these factors contribute to Notch autoactivation on the lysosomal limiting membrane, then the same mechanism might facilitate NICD production in different stages of endosomal trafficking. However, there is no colocalization of lysotracker with late endosomal markers upon expression of a dominant negative form of ESCRT-III component vps4 [51] , arguing that this hypothetical shared component between the two compartments would not be pH-dependent. Further, this would not explain Notch activation in crystal cells, unless their trafficking steps are temporally altered. Alternatively, keeping high early endosomal levels of Notch in crystal cells might redirect the flow of a significant portion of the receptor, causing more to be directed to the lysosomal limiting membrane (or through the sterol-dependent trafficking route), as the effect of late trafficking steps on crystal-cell Notch activation have yet to be explored.
Either explanation could be extended to Notch activation that is dependent on Su(dx)-mediated endocytosis and cholesterol, as these Notch-containing endosomes may have proteins or environmental factors that overlap with those of the lysosome. It is also possible that Notch is present on the endosomal limiting membrane at an unusually high concentration. However, given the different requirements for S2 cleavage between Dx-and Su(dx)-mediated endosomal routes, it is likely that the mechanism of Su(dx)-induced Notch activation differs drastically from the Dx-dependent route. It is worth noting that the basal level of ligand-independent Notch activity that occurs when cis-ligand is absent seems to mainly use the Su(dx)-mediated activation route in S2 cells [35] . Whether this is the case in vivo upon relief of cis-inhibition has yet to be explored.
Although these above situations connect accumulated Notch with resultant activation, this is not always the case. Accumulation at the cell surface does not promote ligand-independent Notch activation as shown by shibire (Drosophila dynamin), Rab5, or avalanche deficient cells [9] . Mutants that accumulate Notch after ILV formation do not exhibit aberrant Notch signaling, such as seen in mutants for the lysosomal component, fab1 [9] . Although all ESCRT-II component mutants show high levels of ubiquitinated Notch accumulation and enlarged endosomes, only vps22 and vps25 mutants show Notch activation [52] . The presence of mutant-specific activation implies there may be a hierarchy to the importance of ESCRT-II component involvement in Notch regulation, or that these subunits may have alternative functions. Perhaps most interestingly, ESCRT-0 mutants accumulate Notch similarly to other ESCRT mutants, except without Notch activation [9, 53, 54] . Therefore, endosome-ensnared Notch alone is insufficient to promote ligand-independent Notch activity. Since the ESCRT-0 complex functions to cluster ubiquitinated cargo on clathrinrich areas of the endosomes and subsequently recruit the other ESCRT complexes, this dense grouping of Notch receptors may be required for ligand-independent Notch activity [54] . This observation would be consistent with the mechanism of ligand-independent Notch activation, whereby a high concentration of endosomal Notch alters protein kinetics, thus resulting in accidental NICD release. A possible prediction arising from this hypothesis would be the requirement of Notch clustering with clathrin in crystal cell endosomes and a requirement for ESCRT-0 in that process. Alternatively, studies have identified other genes that might function in a similar manner as ESCRT-0 [e.g. 55, 56] , indicating there may be other routes to degradation in ESCRT-0 mutants. Therefore, ESCRT-0 would not act as a complete block in degradation as seen with the other ESCRT mutants, rather as a "traffic jam" in earlier endosomal compartments. Notably, hrs lgd double mutant cells do not show ectopic Notch signaling and Dx-mediated Notch signaling requires Hrs [41, 57] , which is consistent with a model where specifically ESCRT-0 function (i.e. gathering Notch on clathrin coats) is required for ligand-independent signal production. Therefore, in a variety of mutant tissues, Notch held in endosomal stages after the early endosome may be particularly susceptible to ligand-independent activation.
Imitation of Notch cleavage events
Notch undergoes several cleavage events en route to ligand-dependent activation. S1 cleavage occurs before transportation to the cell membrane and cleaves full length Notch, which is subsequently reassembled into a heterodimer consisting of an extracellular domain and a transmembrane fragment bound by noncovalent interactions [58, 59] . Upon ligand binding, the next two cleavage events, S2 and S3, create the NICD fragment, with S2 cleavage as the major rate-limiting step in this process and S3 cleavage occurring seemingly constitutively [60] [61] [62] [63] [64] . Severing of Notch at the S2 site is performed by an ADAM metalloprotease, primarily Kuzbanian (Kuz) in Drosophila and TNF-alpha converting enzyme (TACE) in mammals [63, 64] . S2 cleavage is inhibited by a LIN-12-Notch (LNR) repeat containing negative regulatory region (NRR) of the Notch protein located N-terminal to the sites of S2 and S1 cleavage, which folds around and blocks access of ADAM to the S2 cleavage site [65] . Ligand binding and endocytosis exerts a pulling force on the Notch receptor, causing a conformational change in the NRR region and leaving the S2 site unprotected [66] [67] [68] . After the extracellular domain is removed, the transmembrane fragment becomes a suitable substrate for the presenilin-containing gamma-secretase complex, which performs S3 cleavage C-terminal to the transmembrane domain, releasing NICD [61] . As S2 cleavage is directly dependent on ligand stimulus, the entire process must be emulated by a different mechanism in ligand-independent Notch activation.
An endosomal factor could induce ectodomain shedding either by inducing a conformational change in the NRR region or facilitating ectodomain removal itself (Figure 2 ). In the former, NICD production would still be dependent on a protease for S2 cleavage. Although kuz is required in the Su(dx)-mediated route to Notch activation [35] , it is not required In lgd mutant cells and in dx-overexpressing cells for the observed ligand-independent Notch activity [35, 43] . However, there are five ADAM metalloproteases including kuz in Drosophila, many of which are poorly characterized, and there may be a co-option of one or many of these during ligand-independent Notch activation. ADAM co-option during ligandindependent Notch1 activity seems to occur in mammals, as ADAM17 is not required for ligand-dependent signaling but can promote S2 cleavage independent of ligand [69] . Interestingly, the co-option of ADAM17 varies between species and Notch paralogues, exemplified by its ability to process Notch1 and Notch2 in mice, but only Notch1 in humans [70] . Also consistent with this idea, overexpression of dTACE is a viable substitute for S2 cleavage in Drosophila cultured cells [71] . Furthermore, S2 cleavage of mammalian Notch1 still occurs upon treatment with metalloprotease inhibitors, indicating that other families of proteases may be able to cleave Notch [72] . Therefore, it is possible that each ADAM protease has different trafficking preferences, which may be reflected as different requirements specifically for Kuz. It is also possible that complete auto-dissociation at the S1 site occurs in endosomes (Figure 2 ). This would create a Notch isoform that requires an ADAM protease for maximal activity but may still be a viable target for S3 cleavage directly, as metalloprotease inhibitors against the dissociated Notch1 heterodimer transmembrane segment only partially reduce signaling [73] . Similar mechanisms could explain both NRR unfolding or complete heterodimer dissociation. Calcium chelation, such as that caused by EDTA, can dissociate and activate Notch in an ADAM dependent manner, as each of the LNR repeats uses a calcium ion to form a "calcium bridge", thus bringing stability to the NRR region [74] . Calcium efflux from the vesicle lumen into the cytosol is required for the fusion between the endosome and lysosome [75; 76] , indicating that Notch may be unstable during some trafficking stages due to the reduction of luminal calcium levels. As the integrity of the NRR is maintained through a complex web of hydrogen bonding, an endosomal factor disrupting these bonds might also be to blame [77, 78] . Another explanation might be the complete degradation of the extracellular domain and the intraluminal portion of the transmembrane domain by the lysosomal acid hydrolases ( Figure  2 ). In this case, the S2 cleavage would not be required, as this portion of the transmembrane domain would be degraded. Consistent with this explanation is the requirement of late endosomal to lysosomal fusion for Dx-mediated Notch activation and in lgd mutant cells, and the requirement of the vacuolar ATPase (vATPase) in lgd and ESCRT mutant cells [28, 43, 79] (Figure 1 ). However vATPase mutants have previously been shown to affect earlier trafficking steps and inhibit ligand-dependent Notch activation in other tissues [80] , and therefore more work must be done in order to distinguish between these possibilities. Finally, Presenilin (Psn) is more active in acidic compartments [81] , and therefore another possibility is that ectodomain removal is bypassed completely.
Ligand-independent Notch activity can also be promoted by overexpression of ADAM proteases [71] . However, this mechanism may require special tissue-specific conditions, as overexpression of Kuz in Drosophila ovarian follicle cells and wing imaginal discs shows no aberrant Notch activation (unpublished observations). These special conditions might include a requirement for both high Kuz and high Notch concentrations in the same cell or reduced cis-inhibition of Notch. Alternatively there could exist specific trafficking requirements, as Kuz is a membrane protein [82] and may also travel through endosomes with Notch.
Although the requirement for S2 cleavage remains unclear, there is evidence that S3 cleavage by Psn and downstream events occurs in a similar manner as in ligand-dependent Notch activity. Psn is required in Dx-induced Notch activation, crystal cell Notch activity, and in mutant clones for lgd or shrub [10, 22, 53, 83, 84] . Furthermore, Su(H) is required in dx overexpressing cells, lgd and shrub mutant cells, crystal cells, and ligand-independent Notch activity observed upon the removal of cis-inhibiting ligands [10, 22, 37, 83] . Therefore, it seems that the mechanistic differences between ligand-independent and liganddependent Notch activation remain almost solely dependent on how the ectodomain is removed. No attempt has been made to detect differences in transcriptional responses between ligand-dependent and ligand-independent Notch activation.
Concluding Remarks
Studies from Drosophila tell us that many genes are involved in the negative regulation of aberrant signaling, a handful of genes are involved in the positive regulation of ligandindependent signaling, and that this process plays a role endogenously during development. Based on the evidence discussed, ligand-independent Notch activity seems to occur in different endosomal compartments and with differing mechanisms of ectodomain removal, although how these may correlate is unknown (see Outstanding Questions Box). Although increased endosomal half-life seems to be necessary for ligand-independent Notch activity in mutant tissues thus far, it is not sufficient, implying the existence of unknown factors affecting this process. Whether common factors can explain this observed mechanistic variation, or whether completely distinct processes exist is also still an open question. Future studies focusing on detailed mechanistic differences between, for example, Su(dx)-and Dxdependent endosomal routes may help in resolving these discrepancies.
Outstanding Questions Box
• How might cis-ligand and the differing endosomal routes to Notch activation relate to one another? These processes both modulate ligand-independent Notch activity; however, whether there is a hierarchical or synergistic relationship between them is unknown.
• What is the mechanism of separation between the Notch intracellular and extracellular domain, and is this mechanism the same across different endosomal locations of ligand-independent Notch activity?
• Do the transcriptional responses between ligand-independent and liganddependent signaling differ in a fundamental way? If so, can this be explained by differences in Notch intracellular domain concentration?
• Is ligand-independent Notch activity also prevalent in humans? If so, what role might ligand-independent Notch activity play in disease? Mammals have many different Notch receptors and ligands, and complex relationships and regulation mechanisms could exist that cloud true cases of ligand-independent Notch activity.
The regulation and misregulation of Notch endosomal trafficking and the resulting ligandindependent pathway activation has great importance for human disease. Non-canonical Notch signaling has been observed in cancers including melanoma [85] and T-cell acute lymphoblastic leukaemia [86, 87] . Recently, a study also found that breast cancer stem cell expansion depends on a ligand-independent Notch activation mechanism [88] . Furthermore, many of the ESCRT components have been implicated in cancer [reviewed in 89], although this finding has yet to be functionally linked to ligand-independent Notch activity in vertebrates. To our knowledge, no study has shown that ligand-independent Notch activation plays an endogenous role in mammalian development. However, the multitude of Notch ligands present in mammals hinders our ability to claim complete ligand independence with certainty, and the dearth of ligand-independent Notch involvement in mammalian disease and development could be a reflection of this complication. Therefore, studies in Drosophila may continue to shed light on the intricacies of Notch pathway regulation, and to guide future studies in mammalian systems. The flow of Notch through endosomes endogenously and in mutant cells. In wild-type cells (marked as green endosomes), Notch can be internalized into either the GPI positive or negative endosomal routes and will be activated or degraded depending on the presence of E3 ligases and temperature. How these routes integrate into the other illustrated scenarios of ligand-independent activity is unknown. In crystal cells, simapromoted ligand independent Notch activation occurs in Hrs-positive early endosomes. Ligand-independent Notch activity occurs in many mutant tissues as well (marked by red endosomes). Upon loss of DSL ligands, Notch will become activated, however the specific endosomal compartment where this activation occurs is unknown. In lgd mutants and Dxoverexpressing cells, Notch will remain on the lysosomal limiting membrane where activation occurs. In ESCRT mutants, Notch will gather in large irregular endosomes where it will be activated. Hypotheses regarding S2 cleavage emulators. Simplified schematic of the Notch protein (top left) in a WT endosome. S2 cleavage could be imitated by autodissociation at the S1 site (top right), accidental unfolding of the NRR domain (bottom left), or degradation of the extracellular domain (bottom right).
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